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The early-science observations made by the James Webb Space Telescope (JWST) have revealed
an excess of ultra-massive galaxy candidates that appear to challenge the standard cosmological
model (ACDM). Here, we argue that any modifications to ACDM that can produce such ultra-
massive galaxies in the early Universe would also affect the UV galaxy luminosity function (UV LF)
inferred from the Hubble Space Telescope (HST). The UV LF covers the same redshifts (z = 7—10)
and host-halo masses (M}, ~ 10'° — 10' M) as the JWST candidates, but tracks star-formation
rate rather than stellar mass. We consider beyond-ACDM power-spectrum enhancements and show
that any departure large enough to reproduce the abundance of ultra-massive JWST candidates is
in conflict with the HST data. Our analysis, therefore, severely disfavors a cosmological explanation
for the JWST abundance problem. Looking ahead, we determine the maximum allowable stellar-
mass function and provide projections for the high-z UV LF given our constraints on cosmology

from current HST data.

Introduction. — The study of the earliest generations
of galaxies offers a unique opportunity to understand the
Universe during the epochs of cosmic dawn and reioniza-
tion at redshifts z ~ 5 —30. This era represents a largely
uncharted territory in the timeline of the Universe, oc-
cupying the gap between cosmic-microwave-background
(CMB) decoupling (z ~ 10%) and the local Universe
(z ~ 0), thus making its investigation a crucial step to-
wards a complete understanding of cosmology.

The early-science observations made by the James
Webb Space Telescope (JWST) have unveiled a multi-
tude of galaxy candidates in this era [1-9]. While only
a subset of these candidates have been spectroscopically
confirmed so far [10-18], the findings from JWST provide
an intriguing glimpse into a highly-active Universe dur-
ing this formative era, with ultra-massive galaxies pos-
sibly playing a significant role. The longer-wavelength
capabilities of JWST exceed those of the Hubble Space
Telescope (HST), enabling measurements of rest-frame
visible light in addition to the UV. This feature makes
it possible to track the total stellar mass in a galaxy, in
addition to its star-formation rate, providing valuable in-
sights into astrophysics and cosmology at high redshifts.

In a recent study, early-release photometric data from
JWST were used to estimate the stellar mass of massive
galaxy candidates at redshifts z ~ 7 — 10 [19]. Interest-
ingly, two of the reported objects were claimed to exhibit
stellar masses significantly larger than what would be ex-
pected within the standard cosmological model (ACDM).
If confirmed (though we note Ref. [14] reports a lower
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stellar mass for one of these objects using spectroscopy),
this finding would not only challenge our models of galaxy
formation, but also of cosmology. Indeed, assuming that
galaxies form within dark-matter halos, Refs. [20, 21] pre-
sented a compelling argument that ACDM predicts an
insufficient number of halos in the observed volume to
host these galaxies, even if most baryons in the galax-
ies were converted into stars. Consequently, this poses a
significant abundance problem for the ACDM paradigm.

This discrepancy raises questions about the validity of
our current astrophysical and cosmological models. As a
result, there has been a surge in theoretical work aimed
at modifying ACDM to explain this abundance issue [22—
27]. The goal of such modifications is to generate addi-
tional galaxies at z = 7 — 10 by enhancing structure for-
mation during this period, while preserving the successful
ACDM predictions at the CMB and lower-z epochs.

Here we point out that UV luminosity function (UV
LF) data obtained with HST have already probed the
same range of redshifts and distance scales as the galaxies
from Ref. [19]. Specifically, using these data, we demon-
strate that generic enhancements of power that could ex-
plain the observations from Ref. [19] are ruled out, hence
disfavoring a cosmological solution to the JWST abun-
dance problem. Finally, in anticipation of future surveys,
we determine the maximum permissible cosmological in-
crease in the stellar-mass function at these redshifts and
provide predictions for the high-z UV LF.

Throughout this paper, we will assume a flat cosmol-
ogy and, unless otherwise stated, fix the cosmological
parameters to the Planck 2018 best-fits [28]: h = 0.6727,
wp = 0.02236, weam = 0.1202, In (10'°4;) = 3.045,
ns = 0.9649, and Tyei0 = 0.0544.
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Cosmology from HST UV LFs. — The deep-field sur-
veys conducted by the Hubble Space Telescope have
proven to be invaluable in advancing our understand-
ing of early-Universe astrophysics [29-32]. These surveys
contain galaxies dating back as far as redshift z ~ 10,
deep into the epoch of cosmic reionization [33-43]. Along
with their significant role in astrophysics, the UV lumi-
nosity functions derived from these same data provide
us with new insights into cosmology in a relatively un-
explored range of times and scales. Indeed, since early
galaxies reside in dark-matter halos, their observations
enable us to indirectly track the cosmological halo mass
function. Consequently, the HST UV LFs have been used
to set constraints within various cosmological scenarios,
including those featuring a suppression of power from
dark matter [44-48] and enhancements from inflation-
ary physics [49-51], as well as to provide model-agnostic
measurements of the matter power spectrum [52].

We illustrate the reach of the HST UV LFs in Fig. 1
through the dimensionless matter power spectrum (the
two-point correlation function in Fourier-space). The
HST data probe redshifts z < 10 and length scales
0.1Mpc™' < k < 10Mpce™t [52], covering the entire
range where proposed solutions to the JWST abundance
problem alter cosmology. As such, the UV LFs can shed
light on whether there is an excess of power (and, hence,
galaxies) at high redshifts. We will leverage the public
code GALLUMI'! [53] to analyze the HST observations.
GALLUMI provides a pipeline for modeling the UV LFs
and comparing them with data through an MCMC
analysis. This enables us to simultaneously constrain
astrophysics and cosmology, and thus determine how
much power enhancement is allowed by the HST data.

Confronting JWST Massive Galaxies. — By assuming
that each dark-matter halo at high z contains a single
central galaxy, the expected number of galaxies with stel-
lar mass larger than some observational threshold M©°bs
can be obtained as [20]:

obs > dn
Ngal(M* > M* ) = Vol x thi(ZobsaMh) )

Meut dMy,

(1)
where Vol = Q(r3 . — 73, )/3 is the comoving survey
volume, determined by the surveyed redshift range (from
7(Zmin) t0 7(Zmax)) and the survey angular coverage (2,
and dn/dM,, is the halo mass function?. The halo-galaxy

connection enters through the relation between the cut-

off scales in stellar/halo mass Mf}aﬁ/ U We will follow

! https://github.com/NNSSA/GALLUMI public

2 We will use the Sheth-Tormen [54] mass function as in Ref. [53],
but with a fit calibrated to high-redshift N-body simulations from
Ref. [55].
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FIG. 1: The dimensionless matter power spectrum, lin-
early extrapolated to z = 8. The ACDM prediction
(black dotted) is not sufficient to explain the observed
abundance of massive JWST galaxy candidates. We
show the power enhancement (i.e., the bump described
in Eq. (3)) that is necessary to address this abundance
problem. The location and amplitude of the enhance-
ment depend on the assumed star-formation efficiency
f«. For instance, a lower f, shifts the bump towards
smaller k, as more massive halos are needed, and requires
a larger amplitude due to the rarity of such halos. The
gray shaded band represents the range of scales probed
by the Hubble UV LFs, while the hatched areas indicate
the scales at which other cosmological probes are sensi-
tive, or when f, > 1 is required.

a form of abundance matching, where we assume that a
fraction f, <1 of the baryons inside a halo get converted
into stars®. As a result, we can link halo masses to stellar
masses simply as My = M, /(fufx) for a given f,, where
we keep the baryon fraction fixed to f, = 0.157 [28], as
done in Refs. [20, 57].

Following Ref. [20]*, we will use the brightest galaxy
candidate in each of the two redshift bins reported in [19]°
that are in most tension with ACDM, which we summa-
rize in Tab. I. The CEERS survey where these candi-
dates were found covers an area of Q = 38 arcmin? [1],
which in ACDM encompasses an effective volume of

3 Note that feedback effects, which typically reduce the star-
formation efficiency fx in heavy halos [56], are not considered
here, making this a conservative approach.

4 See a related analysis in Ref. [21] in the language of extreme-
value statistics.

5 Ultra-massive high-z candidates have also been reported in
Refs. [58, 59].
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Galaxy ID ‘ log,, (M. /Mg) ‘zobs

Zmin — Zmax
38094 10.89 7.48 7—8.5
35300 10.40 9.08| 8.5-10

TABLE I: Summary of the properties of two massive
JWST galaxy candidates identified in [19].

Vol ~ 10° Mpc? in both redshift bins. To explore the im-
pact of the star-formation efficiency f,., we will consider
three fiducial choices: f, = 0.1, the peak of the star-to-
halo mass ratio [56, 60], an enhanced star-efficiency sce-
nario with f, = 0.3, and an astrophysically implausible
situation with f, = 0.5, which we use as a conservative
limit. By employing Eq. (1), we can then determine the
average number of galaxies expected in a survey. To put
this number into perspective, within ACDM we predict
Né\a(ljDM =23x10"2 < 1 for f, = 0.5. That is, even in
this astrophysically unrealistic scenario ACDM predicts
an abundance that is significantly smaller than what is
reported in Ref. [19]. To accurately model the Poissonian
nature of the observations, we assign a Poisson likelihood
to each galaxy in the sample under consideration:

= 3 [oVE g (V) - m (V)]
(2)

where Ng’f =1 is the JWST observation in each of the

two redshift bins in Tab. I, and N¢ 4 is the prediction
from Eq. (1), which depends on the underlying cosmol-
ogy®. We can now study what changes to the latter are
required to explain the abundance of JWST candidates.

The most straightforward cosmological solution to
the abundance problem is to amplify the matter power
spectrum, thereby increasing the halo mass function
dn/dMy in Eq. (1). We thus consider an effective en-
hancement of the matter power spectrum as P(k) =
Pacom (k) [1 + A(k)], where the amplitude boost is given
by:

Galaxies

A(k) = A, exp l; <ln(k)ln(k*)) ] RNE)

Ox

with amplitude A,, mean In(k,), and a (log) width o,.
This effective model captures a generic boost of power
during cosmic dawn and reionization that could have
been missed by observations at both lower and higher
redshifts. To avoid violating CMB lensing measurements,
whose z kernel covers part of the redshift range under

6 While we do not account for cosmic variance in Eq. (2), the
Poisson errors dominate the total error budget [61].

consideration [62], we will set the enhancement equal to
zero for wavenumbers k < 0.5 Mpc™' [63]. We relax
this assumption in the Supplementary Material (which
includes Refs. [64-69]), where we show that the HST UV
LF's also disfavor a broad-band enhancement as a viable
solution to the abundance problem.

In Fig. 1, we illustrate the boosts in power generated
by Eq. (3). In all cases, the JWST data require a fairly
large bump on top of ACDM to reproduce the abundance
of the JWST galaxies, with a location and amplitude that
depend on the assumed star-formation efficiency f,. For
low values of fy, a boost with larger amplitude A, and
smaller mean k, is required. This is because a decrease
in f, results in an increase in the host halo mass of these
galaxies, and heavier halos are rarer and produced from
lower-k fluctuations. Conversely, an increase in f, leads
to the possibility that the enhancement could now be
located at smaller scales (higher k) as well. The Hubble
UV LFs can probe the relevant range of scales for f, <1,
as demonstrated in Fig. 1. Our next step then is to test
whether a cosmological solution to the JWST abundance
problem conforms to HST UV LF data. We will do so in
two steps.

In the first part, which we label JWST, we will use the
likelihood in Eq. (2) to determine the power enhancement
necessary to account for the abundance of the JWST
galaxies reported in Ref. [19]. We calculate the modified
halo mass function given the boost in Eq. (3) and obtain
the predicted number of galaxies Ny} 4 with Eq. (1). We
implement this in the MCMC sampler MontePython [70],
where we vary the amplitude and mean of the boost A(k),
while fixing the width to o, = 0.1. We test this lat-
ter assumption, along with others, in the Supplementary
Material, finding no discernible difference.

In the second analysis, labeled HST, we will use the
HST UV LFs to constrain the same boosts in power. We
employ the GALLUMI [53] pipeline for this purpose, and
modify it to include the same A(k) parameterization.
We consider only the Hubble Legacy Fields data from
Ref. [71] within the redshift range” z = 6 — 10. While we
keep the base cosmological parameters fixed, we allow for
variations in the astrophysical parameters together with
the amplitude and mean of the power-spectrum enhance-
ment. Further details on the GALLUMI pipeline, including
the fiducial astrophysical model and statistical approach
used, can be found in Ref. [53].

We can now compare the results of our JWST and
HST analyses. After each run, we obtain chains for A,
and k, (see the Supplementary Material), from which we
compute Ny, as a derived parameter using Eq. (1). We

7 We choose to cover roughly the same redshifts as the JWST can-
didates from Ref. [19], though we emphasize that UV LF data is
also available at lower redshifts, which would further strengthen
our constraints.
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FIG. 2: Probability distributions of the average number
of galaxies, calculated using Eq. (1) for the two bright-
est candidates in the JWST sample from [19]. The solid
lines correspond to the results obtained using HST UV
LF data with the GALLUMI pipeline, while the dashed
lines are the [Poisson—cf., Eq. (2)] probability distribu-
tions inferred from the two observed JWST galaxies. It is
clear that the HST posteriors do not reach the observed
value of Ngu = 2 (black dotted line). We consider three
different values of the star-formation efficiency f,, at or
above the typical peak height of f, = 0.1, to explore the
impact of astrophysics.

show the posterior distributions for In(Ng,;) in Fig. 2 for
our three choices of f,. The JWST posteriors all peak
around Nga = 2 (corresponding to the two galaxies con-
sidered in our sample), showing that our model for A(k)
has enough freedom to explain the JWST data. That is,
by adding sufficient power, we can give rise to the nec-
essary number of heavy halos and therefore galaxies. In
contrast, the HST UV LF posteriors show that only a
modest enhancement of the number of galaxies beyond
the ACDM prediction — which corresponds to the lowest
Nga1 value for each f, in Fig. 2 —is allowed. In particular,
the HST data does not allow Ny, = 2 for any f, < 0.5,
and even for the extreme case of f, = 1 we find it in mild
(P(Nga1 > 2) < 1.2%) tension. These findings broadly
hold for Nga = 1 as well. We therefore conclude that any
power enhancement induced to explain the JWST abun-
dance problem is in significant tension with HST UV LF
data at the same redshifts and distance scales.

While we have only parameterized cosmological
departures through Eq. (3), our constraints could be
broadly applicable to models that enhance the halo
abundance at z = 7 — 10 through other means (e.g.,
non-Gaussianities [25, 49], inflationary features [72-74],
or modifications to the expansion rate [24]), as the

constraints from the HST UV LFs are directly linked
to the abundance of halos that could host ultra-massive
galaxies (though a dedicated analysis may be required).
We also note that not every galaxy need be UV-bright
(e.g., the ones from Ref. [19]), given the stochasticity we
expect in the Mp-Myy connection [75]. Nevertheless,
both our model and the Subaru clustering measurements
from Ref. [76] ensure that the halos with Mj, ~ 1012 M,
host galaxies that are UV-bright on average at the
relevant redshifts, and thus that the UV LF tracks
the abundance of these halos. The strength of the
HST UV LFs is that they are contemporaneous to the
JWST galaxies of Ref. [19], and, as such, are probing
the same underlying halo mass function. Our analysis,
of course, does not exclude astrophysical explanations
for the high M, measurements, including Pop III star
formation [77], a local baryonic overabundance [78], or
(active-galactic-nuclei) line contamination [79].

Forecasts. — Future data from JWST and upcoming
telescopes like Roman will yield additional measurements
of the stellar mass function during reionization and cos-
mic dawn. Here, we leverage our findings to forecast the
maximum expected galaxy number density permitted by
the current HST UV LFs. We use the results from the
HST MCMC analysis above to calculate the projected
density of galaxies at redshift z = 7.5 as a function of the
cut-off stellar mass M?°P®, assuming an optimistic star-
formation efficiency of f, = 0.3. We show the results in
the top panel of Fig. 3. Note that, unlike in Fig. 2, we
do not multiply by a volume element, and show the 95%
confidence limits (CL) allowed by HST instead of the full
posterior distributions. For reference, we compare these
projected densities with the typical volumes probed by
the CEERS JWST data (~ 10° Mpc? [1]), the forth-
coming COSMOS-Webb survey (~ 5 x 106 Mpc? [80]),
and a Roman high-latitude survey (~ 10 Mpc? [81]).
Our analysis reveals that the HST UV LFs only allow
for a modest increase in the number density of galaxies
at this redshift. The figure includes the inferred density
from the z = 7.5 JWST galaxy candidate of Ref. [19] (ID
38094), which significantly exceeds our 95% CL region.
Interestingly, we find that even in the extreme scenario
of f, = 1 the JWST point still lies above our 95% CL
curve, implying a severe inconsistency with the HST UV
LFs. A similar statement was recently made in Ref. [85]
within the context of ACDM-only simulations (black line
in Fig. 3), and in Ref. [27] for cosmologies with blue-tilted
power spectra.

We note that the issue of ultra-massive galaxy
candidates at z = 7 — 10 is distinct from a possible
excess in the UV LF at z > 10. The latter arises
from galaxies seemingly boasting star-formation rates
far above our predicted values at earlier times [86-90].
While Refs. [91-94] argued that this excess does not
necessarily challenge the ACDM cosmological model, as
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FIG. 3: Top: Forecast for the stellar mass function
(SMF) at z = 7.5, defined as the number density of galax-
ies above a stellar mass cut-off M. The black curve
is the ACDM prediction, and the blue dotted curve in-
dicates the enhancement allowed by HST UV LF data
at 95% CL, all assuming a constant f, = 0.3 (which
can be rescaled to any f* by simply shifting the curves
horizontally by a factor f,/0.3). Horizontal lines rep-
resent the fiducial volume (i.e., 1/Vol) of different sur-
veys [1, 80, 81], whereas the red star is the inferred den-
sity from the z = 7.5 galaxy of Ref. [19], which is far
in excess of the SMF allowed by HST. Bottom: UV
luminosity function at z = 12, extrapolated from HST
calibrations at z = 6 — 10, along with JWST measure-
ments at z = 12 — 13 from [4, 5, 82-84]. The 68% and
95% confidence levels are obtained after marginalizing
over our astrophysical parameters and the enhancement
of power. We find that including a power boost alone is
not enough to explain the JWST UV LFs.

large UV brightness may arise if star formation occurs
very rapidly or there is a sizeable UV variability, there
is still a discrepancy between the UV LFs measured

by JWST at z > 10 and predictions calibrated with
HST data at lower redshifts [95]. We showcase this
discrepancy in the bottom panel of Fig. 3, where we
employ the same HST analysis in GALLUMI from before
to demonstrate that any enhancement of power allowed
by HST observations (at z = 6 — 10) cannot account
for the excessive UV brightness observed in JWST at
z > 10. This hints at an astrophysical, rather than
cosmological, explanation of the UV-bright galaxies
beyond z = 10, see also Ref. [96].

Conclusion. — The emergence of JWST data has
opened a new avenue to understand the first galaxies
and their cosmological context. The first JWST obser-
vations have possibly revealed an excess of ultra-massive
galaxies, challenging our standard ACDM cosmological
model. In this work, we have shown that contemporane-
ous measurements of the UV galaxy luminosity function
by the Hubble Space Telescope rule out the required
departures from ACDM, disfavoring a cosmological
solution to the JWST abundance problem. Moving
forward, we argue that leveraging the well-established
knowledge from HST data will be key for interpreting
future observations of the first galaxies by JWST and
the upcoming Roman Space Telescope.
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